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In the hair follicle the cuticle develops as a thin layer of 
cells between the hair shaft cortex and the inner root 
sheath. Once the cuticle cells begin to differentiate 
they accumulate cysteine-rich granules in their cyto-
plasm but the identity of their constituent proteins has 
remained largely an enigma. In this report we show 
differential expression of a family of genes encoding 
cysteine-rich, glycine-rich keratins in the cuticle. Two 
clones of the sheep KAP5 gene family were isolated: 
the KAP5A eDNA encodes a protein of190 amino acids 
(M" = 16,936) containing 32 mol% cysteine, 26 mol% 
glycine and the partial KAP5.5 eDNA encodes a pro-
tein of at least 197 amino acids (Mr ~ 17,474) contain-
ing 29 mol% cysteine, 28 mol% glycine. The predicted 
amino acid sequences of the KAP5 family show 
T he cuticle is the outermost cellular component of hair fibers, providing a tough and impervious layer that protects the underlying cortex. These physical attri-butes are a consequence of the overlapping arrange-ment of the shield-like cuticle cells and the nature of 
the keratin proteins produced during cuticle cell differentiation. 
Histochemical studies on the ultrastructure of the cuticle reveal that 
in those follicle bulb cells that undergo cuticle differentiation there 
is an ordered synthesis and accumulation of cysteine-rich granules 
of varying size from an early stage in differentiation [1 ,2]. Analyses 
of extracts from isolated cuticle cells indicate the presence of pro-
teins of high cysteine content and a protein smear upon two-dimen-
sional polyacrylamide gel electrophoresis, as if there was a spectrum 
of proteins differing in charge and molecular weight [3,4]' It is 
possible, however, that those observations overestimate the com-
plexity of the cuticle proteins because of the suspected presence of 
isopeptide cross-links or inter polypeptide disulphide bonds that are 
resistant to reduction [3]. 
No cuticle protein has been isolated but the molecular character-
ization of a human and a sheep cuticle keratin gene has recently been 
described from the KAP5t family [6]' The sheep KAP5.1 gene 
encodes a small protein of about 16 kD, containing 31 mol% cys-
teine, and the human protein contains 36 mol% cysteine. Compar-
ative sequence analysis indicates that a high degree of similarity 
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extensive sequence conservation and all the proteins 
are composed almost entirely of cysteine-rich and gly-
cine-rich repeats. Each KAP5 gene produces an -1.5-
kb mRNA species but the KAP5A and KAP5.5 mRNA 
levels appear to be severalfold greater than the KAP5.1 
mRNA. Comparative tissue in situ hybridizations re-
veal a positive correlation between the onset of expres-
sion and follicle depth. For a given KAPS gene two 
widely different cuticle expression patterns were 
noted amongst the follicle populations, and on the 
basis of follicle bulb cell kinetics they are consistent 
with expression in either sheep primary or secondary 
follicle types. Key words: KAP5 gene family/cuticle/wool 
follicle/in situ hybridization. ] Invest Dermatol 103:310-
317,1994 
exists between the proteins and their genes. Indeed, genomic blots 
suggest that they belong to a multigene family that has been highly 
conserved during mammalian evolution [6,10]. The genes are ex-
pressed in the cuticle relatively late in follicle differentiation, later 
than the initial appearance of cysteine-rich granules reported in the 
electron microscopic (EM) studies [2]. 
The early appearance of cysteine-rich granules in differentiating 
cuticle cells in the upper region of the follicle bulb [2], together 
with the in situ hybridization data for the KAP5.1 gene [6], suggests 
that other cysteine-rich keratin genes are expressed in the cuticle at 
an earlier stage of differentiation. On this basis we set out to screen a 
wool follicle cDNA library under low stringency conditions using , 
probes from two genes encoding different cysteine-rich proteins. 
Here we report the molecular characterization of two sheep cDNA 
clones encoding proteins of the cysteine-rich KAP5 cuticle keratin 
family and show that different members of the KAP5 gene family 
are expressed at different stages late in cuticle cell differentiation. 
The levels of expression of the KAP5 genes also appear to vary, 
suggesting possible differences in the transcriptional or post-tran-
scriptional regulation of these genes. 
MATERlALS AND METHODS 
Wool Follicle cDNA Library Screening A sheep wool follicle .:I.gt!! 
cDNA library [11] was plated at high density (50,000 pfu/15 cm filter) and 
screened under low-stringency conditions (wash conditions: 2 X SSC, 0.1 % 
l' In a proposed revision of the nomenclature for keratin proteins [5] the 
ultra-high sulphur cuticle keratin family described by MacIGnnon et al [6] is 
referred to as the KAP5 family (keratin associated protein, abbreviation, 
KAP; database gene symbol, KRTAP), and the isolated sheep gene as the 
KAP5.1 gene. The human KAP5.1 gene was originally referred to as the 
KRN1 gene [7] . The partial UHS (ultra-high sulphur) cDNA clone, K4 
[8,9] is KAP5.2. 
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Figure 1. Characterization of the 
KAPS,4 cDNA clone. A ) The partia.l re-
striction map of the KAPS.4 cDNA clone is 
shown and includes the restriction sites used 
for subcloning, sequencing, and transcrip-
tion. The sequencing strategy is also de-
picted, w ith arrows indicating the extent and 
direction of sequencing reactions; single 
a rrows represent sequence obtained in one di-
rection from the ends of the full-length 
clone and double-headed arrows indicate that 
the sequence was obtained from restriction 
fragments in both directions. B) The nucleo-
tide and predicted amino acid sequence of 
the KAPS.4 cDNA in the 1.2-kb EcoRI 
fragment is shown. The predicted protein of 
190 amino acids contains 32 mol% cysteine. 
The Kozak homology contiguous with the 
methionine initiation codon [27] is ullder-
lilled and the AA T AAA motif in the 3' -non-
coding region is boxed. The 5' -noncoding re-
gion exhibiting 97% identity with the 
KAPS.l gene [6] extends up to the presump-
tive mRNA cap site (belltarrow) with the two 
different bases highlighted by bold text. The 
two types of amillo acid repeats found in the 
coding region are identified as follows: cys-
teine-rich repeat (0) and glycine-rich repeat 
(II). The two underlined HaeII sites define 
the restriction fragment that was end-filled 
and subcloned into a pGEM3-Zf(+) HinelI 
vector for ill situ hybridization and also used 
as a 3' -noncoding region probe in Northern 
analysis. These sequence data are available 
from EMBL/GenBank/ DDBJ under acces-
sion number X73434. 
C GSCGGC I GSSCC VPV CCCKP V CCCVPACS 
rGTTCCGGAGGCTGCGGCTCCAGCTGTGGGGGCTGCGGCTCGTGTGGGGGCTGCGGCTCCAGCTGCTGTGTGCCTGTCTGCTGCTGCAJ\GCCCGTGTGCTGCTGTGTGCCAGCCTGCTCC '40 
=CSSCG! [GSSCC 
1'GCTCCAGCTGTGGC~GGGGGCTGCGGCTCCTGTGGGGGCTCCMGGGGGGCTGCAGCTCCTGTGGGGGGTCTMGGGGAGCTGTGGCTCATGTGGII.GGCTGTGGC'I'CCAGCTGCTGC 3'0 
~ pVC C C V P \ V eSC S .5 C G I _ 
AAGCCCGTGTGCTGCTGTGTGCCCGTCTGCTCCTGCTCCAGCTGTGGCr..N\GGGGGCTGTGGCTCCAGCTGTGGGGGCTCCAAGGGGGGCTGCGGCTCCTGTGGGGGGTCTAAGGGGGGC 48 0 
cG!>CGGC G S G C I G P sec V PVC C C V P A C S C sse GI K G G C G S C G 
TGTGGCTCGTGTGGGGGCTGTGGCTCTGGCTGCGGCCCCAGCTGCTGTGTGCCCGTGTGCTGCTGTGTGCCAGCCTGCTCCTGCTCCAGCrGTGGCAMGGGGGCTGCGGCTCCTGTGGC 600 
_los s C C R pee s il o ~ sec V pvc C lOR K 1 • 
'l'GCTCCCAGTCCAGCTGCTGCAGACCCTGCTGCTCCCAGTCCAGCTGCTGCGTCCCCGTGTGCTGCCAGCGCMGATCTGATGTAACGGTCAGTCCGGCGTTCAGCTAACCTCTTCCAGC 720 
CGCGGCATCTGTGAGGCTGTCTGGCTCGTCATTCTCCTGGACACATCTTGCTCTGTGGGCCTCTTCCCTGCATGGCCTGACTCCAGCAGGAAGCACC.'TTCACATGAGGAGCCAC~ 1140 
H .. oll 
l.ATCCCC1I.TCCCT CTAGGATGTCATTATGCAGAGGAGGGCCGTGTGCTMTAGTCCTCCA /\!\CACCMGTGGCCCCCACCTGTCCTGACTCTTCTAAGGGCCATCATCTGCCACAJI,CCA!:i. 960 
~GACCCTCACGTGMGGGTCTGGCCMGMCAGCCAGCTCCTGGCTTCTCAATAAGTu\MGi\TGCTGCTTTGATCl\CATCCMGTTTCCTTCTCCAGTGAAGCCCt\GTCCAGCMG 1080 
~~~CTTCCTCACAGCAGGTTTCTATACTTGTTTGTT AAAATA~TGCCCTGTCMTAAAAAAAlIlIAAGGAATTC 116' 
sodium dodecylsulfate at 65°C) by the plaque-hybridization method [12) 
with coding region fragments from the sheep KAP4.1 eDNA clone [20] and 
KAP5.1 gene [6J . The probes were radio labeled by the method of Feinberg 
and Vogelstein [13] using a Gigaprime DNA Labelling Kit from Bresatec 
Liruited (Adelaide, South Australia). At least 500 first-round positives were 
noted on each duplicate filter. These were grouped into three hybridization 
~ntensities-stron g, moderate. and weak-and 32 of each type were se-
lected and transferred to a 96-well microtitration plate (Flow Laboratories. 
McLean, Virginia). After elution, a replica plating device was used to create 
replicate phage plates from this array on an Escherichia coli Y1090 lawn for 
subsequent screening. To exclude plaques representing previously isolated 
cysteine-rich KAPs from the purification process the second round filters 
were separately screened with coding probes from the conserved KAP1, 
KAP2, and KAP3 fami lies and gene-specific 3' -noncoding probes from the 
KAP5.1 gene and the KAPS.2 cDNA. Twelve plaques were then selected 
from the 96 that hybridized to the KAP4 .1 and/or KAPS .1 coding probes 
but not with any of the "exclusion probes" and plated at low density for the 
third round of screening. Duplicate filters for each recombinant phage were 
then separately screened with the KAP4.1 and KAPS.1 coding region probes 
and rescreened at low density until purity. 
DNA Isolation, Subcloning, and Sequencing Recombinant phage 
DNA was prepared by the liquid-culture method ofKao etal [14]. Subclones 
of the ).KApS.4 clone and AKAPS.S fusion clone were made by subcloning a 
1.2-kb EcoR! fragment and a 2-kb EcoRI fragment, respectively. into 
pGEM-7Zf(+) (Promega Corp., Madison, WI) and partial restriction en-
zyme maps were derived. DNA fragments to be sequenced were generated 
either by digestion with restriction enzymes or by progressive deletion with 
Exonuclease III (Promega Corp.) and were subcloned into appropriate 
pGEM vectors (Promega Corp.). These clones were sequenced by the di-
deoxynucleotide chain termination technique [15] on double-stranded 
DNA templates using the Sequenase Version 2.0 kit (U .S. Biochemical 
Corp., Cleveland, OH). 
Wool Follicle RNA Isolation and Northern Blot Analysis Wool 
follicles were collected from Merino-Border Leicester cross Dorset Horn 
sheep following the published procedure [1 6] and total RNA was isolated by 
the acid guanidinium thiocyanate method [17]. PolyA+ RNA was then 
isolated from the total RNA preparation using the PolyATract mRNA 
Isolation System (Promega Corp.) and 5 Jlg samples , together with RNA 
molecular weight markers (GIBCO BRL, Gaithersburg, MD), were elec-
trophoresed on a 1 % agarose/0.66 M formaldehyde gel [1 8]. RNA was 
transferred to Zeta-Probe (Bio-Rad, Richmond , CAl in 10 X SSC tra.nsfer 
buffer using a vacuum blotting apparatus (Pharmacia LKB, Uppsala, Swe-
den) and the membrane was then ultraviolet cross- linked (Stratagene, La 
Jolla, CAl· For hybridization, filter bound RNA was prehybridized for at 
least 2 h at 42°C in 50% formamide, 5 X SSC, 0.5 % sodium dodecylsuIfate, 
10% dextran sulphate, 1 X Denhardt's reagent [18] and 100 jlg/ ml auto-
claved sa1mon sperm DNA. DNA restriction fragments to be used as hybrid-
ization probes were radio labeled as described above using a Bresatec kit. 
Heat-denatured labeled probe was then added to the same solution at 0.2-
0.6 X 10· cpm/ml and hybridization carried out overnight. After hybrid-
ization, filters were washed twice in 0.1 X SSC, 0.1 % sodium dodecylsnlfate 
at room temperature, and then once at 65°C, w ith agitation, for 15 min 
(high stringency). 
In Situ Hybridizations to Wool Follicle Sections III situ hybridizations 
on paraformaldehyde-fixed and sectioned sheep wool follicle biopsies were 
performed as described [1 9]. High - specific-activity cRNA and RNA probes 
for ill sitJl hybridization analysis were produced by cloning endfilled DNA 
fragments (see below) into a pGEM-3Zf(+) HindI vector (Promega Corp.) 
and transcribing the clones, after appropriate linearization, with either SP6 
or T7 RNA polymerase in the presence of [a_33P]UTP (Du Pont Ltd .• 
Sydney, Australia) using a kit obtained from Bresatec. 
DNA restrietion fragments cloned for ill situ hybridiza tion were as fol-
lows: KAPS.1 3'-noncoding region template, a 531-bp BglII-BamHI frag-
ment from the 3' -nollcoding region [6] ; KAPS.2 3' -noncoding region tem-
plate, a 307-bp Mbol fragment from the 3'-noncoding region [6]; KAPS.4 
3'-noncoding region template, a 124-bp HadI fragment from the 3' -non-
coding region (base 841 to base 964 in Fig IB); and KAPS.S 3'-nollcoding 
region template, a 254-bp BglII-Avall fragment from the 3'-noncoding 
region (base 588 to base 841 in Fig 2B) . 
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A. 
Figure 2. Charactedzation of the 
KAP5.5 cDNA clone. A) The partia l 
restriction map of the type I wool IF/ 
KAP5. 5 eDNA fusion clone is shown 
and incl udes the restriction sites used 
within the KAP5.5 portion for subclon-
ing, sequencing, and transcription. The 
sequencing strategy fo r KAP5.5 is de-
picted, essentially as described in Fig 1 
with the exception that sit/gle arrows rep-
resent sequence obtained in one direction 
from Exonuclease III deletion clones. 
The IF type I part of the fusion clone was 
identified by direct sequence comparison 
with the published IF type I sequence 
(28]. The beginning of the KAP5.5 por-
tion of the fusion sequence was identified 
through the high conservation of coding 
region sequences of the KA P5 gene fam-
ily. Three nucleotides linking these two 
identified regions could not be assigned 
to one or the other and were therefore 
excluded. B) The nucleotide and pre-
dicted amino acid sequence of the in-
complete KAP5.5 eDNA in the 2-kb 
EcoRI fragment is shown. The predicted 
amino acid sequence of at least 197 resi-
dues contains 29 mol% cysteine. The 
AA T AAA polyadenylation motif in the 
3' -noncoding region is boxed. The two 
types of amino acid repeats found in the 
coding region are identified as follows: 
cysteine-rich repeat (D) and glycine-rich 
repeat (II). The underlined BglII and 
AvaIl sites define the restriction frag-
ment that was end-fi lled and subcloned 
into a pGEM3-Zf(+) HindI vector for ill 
situ hybridization and also used as a 3'-
noncoding region probe in Northern 
analysis. These sequence data are avail-
able from EMBL/GenBaILk/ DDB] 
under accession number X73435. 
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C S C S S C G I KGGCGSCGGS K G G C G 5 C G G 5 K G G C G 5 C G G C G 5 G 
TGCTCCTGCTCCAGCTGTGGCAAAGGGGGCTGCGGCTCGTGTGGGGGCTCCAAGGCGGGCTGCGGCTCGTGTGGGGGCTCCMGGGGGGCTGCGGCTCCTGTGGGGGCTGTGGCTCTGGC : ,\' 
K G G C G 5 C G G K G G C G 5 eGG 5 c l G sse C v p vc c v P A C S C sse 51 
TGTGGCTCCAGCTGCTGTGTGCCCGTGTGCTGTGTGCCAGCCTGTTCCtGcrCCAGCTGCI\GCAAAGGGGGCTGTGGCTCGTGTGGGGGCTCCAAGGGGGGCTGTGGCTCATGTGGGGGC 2 ~ :) 
K G G C G 5 eGG 5 III G S S C C v P VC C R V P A C S C 5 S C G I 
TGTGGCTCCAGCTGCTGTGTGCCCGTGTGCTGCCGTGTGCCAGCCTGCTCCTGCTCCAGCTGTGGCAAGGGGGGCTGCGGCTCCTGCGGGGGGTCTMGGGGGGCTGCGGCTCCTGCGGG 36: 
K G G C G 5 C G 
Em KG G CGSCGGC G S G c l G 5 5 C C v pvc C C K p vc C C v P A C S C S 
GGGTCTAAGGGGGGCTGCGGCTCCTGTGGAGGCTGCGGCTCTGGCTGCGGCTCCAGCTGCTGTGTGCCCGTCTGCTGCTGCAAGCCCGTGTGCTGCTGTGTGCCAGCCTGCTCCTGCTCC (5t 
K G G C ~ 5 C G G S 10 ss e c 0 H T C s ~ o S 5 C C v PVC c l o R K I • 
AGCTGTGGCAMGGGGGCTGCGGCTCGTGTGGCGGCTCCCAGTCCAGCTGCTGCCMCACACCTGCTCCCAGTCCAGCTGCTGCGTCCCCGTGTGCTGCCAGCGCAA~GAGGCTCT 6C: 
Uqil! 
AGCCACAGACCCATGTCATTCTTCCAGCCCAGGCATCTCAGGATGTGTCCTGGGCTGCACGTCATAGCCCTGMGTTGTGATGTCATCAAGTCCTCCl\Gl\GTTTCTGTCCTCF~GTCTCCA 12'C 
GAGTTGGGCAT1\GlI.GCCGCCCAGCTGCCGATGMGGCAGGCGGGGAGCGCATCCAGCTCATACCC ATCACCCCCTACGGAAJl.GCTGCCCCCGATTCTAACACCACCGAAGGGGCTCCTGA !~: 
GG.D::!:: TTGCTCCAGGCACCTCATGGTCTTTAGGGCCTGGGCCCCTGGGTCCCACCAGGCTCCTCTCCAGGGCCTCACCAGCCl\CCCCCGAGTCCTGAAl'GCC1'CCCACTCTCTTCCCTGG 'J~; 
AvaIl • 
CGCATCTTGGTCCACACTGGCCATTGGTl\JI.ATCCTT~CGCTTTGCGGAATTC 1018 
Measurements of Gene Expression, Follicle Depth, and Statistical 
Tests The commencement of KAP5 gene expression in the follicle shaft, 
the distance between the proliferative zone of the follicle bulb and the point 
at which gene expression was first detected, was measured from the approxi-
mate apex of the dermal papilla in the follicle bulb. The start of gene 
expression was determined by comparison of dark-field and bright-field 
photomicrographs of follicles showing a good longitudinal plane of section. 
The dark-field photomicrographs were printed to show the follicle outline, 
in addition to the expression profile, to facilitate precise identification of the 
start of expression on the bright-field photomicrographs. A line was drawn 
through the apex of the dermal papi lla and at right angles to it, across the 
width of the follicle bulb. Because the lower part of the follicle is frequently 
curved, two measurements were made (then averaged) up both sides of 
the follicle by tracing along the inside of the inner root sheath , from the 
line drawn across the bulb up to the start of expression on each side of the 
follicle. Follicle depth was measured from the base of the follicle, up 
along the follicle shaft in a straight line to the epidermal surface (see 
Fig 7) . If the epidermis was highly convoluted, measurements were not 
taken. 
T he Student t test was applied to analyze appropriate groups of data, and 
the probability of the null hypothesis, that there was no significant differ-
ence, was calculated. A probability value, p < 0.05 , is accepted as a signifi-
cant difference between measurements. 
RESULTS 
Isolation and Characterization of Sheep KAP5 cDNAs T o 
isolate clones for cysteine-rich cuticle keratin genes expressed early 
in w ool follicle differentiation a sheep wool follicl e cDNA library 
w as screened with coding region probes from two different sheep 
cysteine-rich keratins under low stringency conditions: a hair cortex 
EcoRI 
KAP4.1 cDNA clone [20] and cuticl e KA P5.1 gene [6]. The 
KAP4.1 coding probe w as used together with th e KAP5.1 coding 
probe to provide an alternative sequence criterion for selecting cys-
teine- rich cuticle keratins because o f the high cysteine content and 
sequence differences between the cortex KAP4 keratin family and 
the cuticl e KAPS keratin family . After selecting against first-round 
positives corresponding to known cys teine-rich cortical keratin 
gene families or KAP5 sequences previously isolated, 12 clones 
w ere purified and sequence data obtained initially from the ends. 
All the clones fell into either the KAP5 or the KAP4 family. 
Two clones (AI<AP5.4 and AKAP5.5) hybridizing more strongly 
with the KAP5 probe than the KAP4 probe w ere analyzed in de-
tail. 
The sequencing strategy for the - 1.2-kb KAP5.4 clone, together 
with the complete cDNA sequence, is shown in Fig 1. The open 
reading frame of KAP5.4 encodes a protein of 190 amino acids 
containing 32 n1.ol% cysteine. Analysis of the amino acid composi-
tion of the predicted protein indicate that cys teine, glycine, and 
serine are , in decreasing order, the most abundant amino acids, 
comprising 77% of the protein. These amino acids are arranged 
into the glycine- rich and cysteine-rich repeating units that ap-
pear to be typical of KAP5 proteins. The 5'-noncoding region 
of KAP5.4 shares striking sequence similarity with that of the 
KAP5 .1 gene, with 63 of 65 bases from the initiation codon to 
the presumptive transcription start site being identical (Fig 1B). 
The 3'-noncoding region of KAP5.4 ends with a poly(A) tail 
and contains a putative polyadenylation signal at position 11 26 
(Fig 1B). 
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;<APS.S eDNA ~ CSCSSCGI KGGCGSCGGS KGGCGSCGGS KGGCGSCGGC 
;<APS.1 gene SGGCGSSCGGC NH 2- H G C S G C G S ReG G C S sse c V PVC eel< J? vee c V PAC 44 
;<APS.4 eDNA ......... ,. • t ... I> NH 2-" .. I> • .. .. fI * - * I> I> .. G . " 11" '" If 11 11 .... "" .. 1< .......... 111 
;<APS.S eDNA -------------------- Gs ·· GlI·1iI·'*· ***----- - -#t··. Figure 3. Comparison of the amino 
acid sequences of wool KAPS pro-
teins. A) The complete amino acid se-
quence predicted from the KAP5.1 gene 
[6] is nwnbered and compared with the 
sequences predicted from the partial 
KAP5.2 cDNA clone [8.9] and the 
KAP5.4 and KAP5.5 cDNAs presented 
in this report. The truncated 5' ends of 
the coding regions of the KAP5.2 and 
KAP5.5 clones are indicated by arrows . 
Identical amino acids are indicated by a 
star and at positions where differences 
occur the variant amino acids are noted. 
Amino acid deletions (dashes) have been 
introduced in the sequences to maximize 
the alignment. B) Modular alignment of 
the KAP5 proteins with respect to their 
repeating motifs. The KAP5.3p se-
quence is the protein predicted from the 
pseudo gene [22]. Cysteine-rich repeats. 
C (0); glycine-rich repeats, G (11). Sub-
script numbers show the size of the re-
peat. 
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The insert of the AKAP5.5 clone was 2 kb in size but sequence 
analysis indicated the presence of a fusion clone; a partial type I IF 
keratin sequence fused in opposite orientation to the KAP5.5 se-
quence (Fig 2A). The nucleotide sequence of the partial KAP5.5 
cDN A, together with the predicted protein sequence, is shown in 
Fig 2B. The KAP5.5 cDNA portion of the fusion clone is 1018 bp 
long, with an open reading frame spanning the first 591 bp, fol-
lowed by a 3' -noncoding region that contains a putative polyadeny-
lation signal at position 998. The open reading frame encodes a 
partial KAPS protein of at least 197 amino acids with a cysteine 
content of 29 mol%. Analysis of the amino acid composition once 
again indicates that the protein is predominantly (79%) composed 
of cysteine, glycine, and serine, arranged into the various repeating 
units. 
Conservation of the Sheep KAPS Coding Regions The pro-
tein sequences predicted from the sheep KAP5.1 gene and KAP5.2, 
KAP 5.4, and KAP 5.5 cD N As are predominantly composed of three 
amino acids-cysteine, glycine, and serine-chiefly organized 
into cysteine-rich and glycine-rich repeating units that are arranged 
in a similar manner (Fig 3) . Alignment of the predicted coding 
regions reveals a high degree of similarity between each, with 
KAPS.l and KAPS.4 being most closely related. Excluding the 
extra cysteine-rich decapeptide repeat near the C-terminal end of 
KAPS.4, there are only eight amino acid differences between the 
twO proteins, and the first 19 amino acids and the last 14 amino acids 
are identical (Fig 3). 
At the N-terminal end of the KAPS.S sequence there is part of a 
cysteine-rich repeat and three glycine-rich repeats before the align-
ment with KAPS.1 and KAPS.4 commences. T his segment, includ-
ing the adjacent tetrapeptide, GSGC, is a block repeat of the central 
region common to all three KAPS sequences, from amino acid 96 to 
136 in Fig 3. The incomplete protein encoded by the partial 
KAP5.5 cDNA is missing the N-terminal sequence common to 
KAPS .l and KAPS.4 and if the complete KAPS.S protein has the 
same N-terminus then it could be about 40 amino acids larger, with 
a total size of approximately 240 amino acids. The partial KAP5.2 
cDNA encodes 7S amino acids, comprising a small part of the cen-
tra l coding region and all of the C-terminal region. The C-terminal 
region of KAPS.2 does not exhibit the same level of conservation 
that exists between KAPS.l, KAPS.4, and KAPS.S. There are 
four cysteine-rich decapeptide repeats in the C-terminal region of 
KAPS.2, and a QRRDLRC heptapeptide replaces the QRKI 
tetrapeptide common to the ends of KAPS.l, KAPS.4, and 
KAP5.S . 
Northern Analysis of KAP5 Gene Expression in Wool Folli-
cle RNA Northern blot analysis of sheep fo ll icle polyA+ RNA 
with KAP5.1 , KAP5.4, and KAP5.5 gene-specific probes detects 
transcripts of about 1.5 kb, with the KAP5.4 and KAP5.5 mRNAs 
being more abundant (Fig 4) . To ensure that these data were quan-
titative and that the amount of probe was not limiting, the size and 
relative specific activities of each KAP5 probe were considered 
and hybridizations were performed on Northern filters containing 
serial dilutions (5)1.g to O.S Jig) of follicle polyA+ RNA (data 
not shown). All Northerns indicate that there appeared to be a 
severalfold increase in the abundance of the KAP5.4 and KAP5.5 
mRNAs relative to KAP5.1, suggesting possible differences in the 
transcriptional or post-transcriptional regulation of the KAP5 
genes. 
Localization of the KAPS mRNAs in Wool Follicles Expres-
sion of the KAP5 gene family in follicles was examined by in situ 
hybridizations with unique probes for four KAP5 genes. The probes 
hybridized specifically to the single layer of cuticle cells of differen-
tiating wool follicles (Figs 5 -7). Comparative ill situ hybridiza-
tions in which follicle longitudinal sections were hybridized with 
different KAP5 gene-specific probes unexpectedly revealed differ-
ent temporal expression patterns (Figs 6 and 7 and Table J). A 
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Figure 4. Northern analysis of sheep KAP5 gene expression in wool 
follicle RNA. PolyA+ wool follicle RNA (5 Jig) was electrophoresed and 
transferred to Zeta-Probe membrane. Hybridized fi lters were washed at 
high stringency (0.1 X SSC. 0.1 % sodium dodecylsulfate). The approxi-
mate sizes of the hybridizin g bands were determined relative to RNA mo-
lecular weight markers (GIBCO BRL) . A ) KA P5.1 3'-noncoding region 
probe [6]. B) KAP5.4 3'-noncoding region probe (see Fig 1B). C) KAP5.5 
3' -noncoding region probe (see Fig 2B) . Note that the second band in track 
A above 1.5-kb in size represents cross-hybridization with 28S RNA present 
in the polyA+ RNA sample. To ensure that equivalent amounts of RNA 
were present in each track the blot was rehybridized with a glyceraldehyde-
3-phosphate dehydrogenase probe [29] (data not shown). 
scatter plot of KAP5 gene express ion revealed that the commence-
ment of gene expression, the distance between the proliferative 
zone of the follicl e bulb and the point at w hi ch gene expression w as 
first detected, were related to fo llicle depth (Fig 8) . Positive corre-
lation coeffici ents ranged from 0.82 to 0.94 for each set of gene 
measurements and 0.82 for the grouped data (data not shown) . 
N evertheless, for each gene-specific probe, measurements of the 
relative start of expression could be divided into two significantly 
different groups (p < 0.01 for each set by Student t test) according 
to two criteria, namely, onset of expression and fo llicle depth 
(Table I). Within the higher fo ll icle group, where expression com-
menced within 270 J1.m of the top of the dermal papilla (mean 
range, 220 - 230 J1.m) there was no significant difference (p > 0.1) 
in the onset of KAP5.2, KAP5 .4, and KAP5.5. There w as no signif-
icant difference in th e depths of the follicl es (mean depths, 1150 -
1430 J1.m; p > 0.05). Within the lower follicle group, w here ex-
press ion commenced more than 270 J1.m above th e dermal papilla, 
two different temporal express ion patterns were noted; KA P5 .2, 
KAP5.4, and KAP5.5 were detected at the same time (mean dis-
tances of 309,327, and 321 J1.m , respectively; no significant differ-
ence, p > 0.05) with KAP5.1 appearing later (mean distance, 
356 J1.m) . The measurements for th e two zones were significantly 
different (p < 0.05) and th ere was no significant difference in the 
means of the follicle depths from w hich the measurements were 
made (p > 0.1). Figure 7 shows express ion of KAP5.2 in two folli-
cles located at different depths in th e dermis, one immediately 
below the other. The lower follicle is approximately twice the 
THE J OURNAL OF INVESTIGATIV E DERMATOLOGY 
E .. F <;a . ~;;.. .' H 0 ..... (t-c 
I " 0.' 
, 
.. ! . (": 
,~'fi':~ - "I ~. 0 
: 
A', '-Y:i~:l <.) 0 
. ,~~ "1' .. <;:':) 1f) Q 
~:. ~. ~ 0 : /' : 
",,' ''' 
5.1 5.2 5.4 5.5 
Figure 5. Itt situ localization of cut icle KAP5 gene expression in 
consecutive transverse wool follicle sections. Seven-micrometer sec-
tions of follicles from Dorset Horn-Merino sheep were hybridized with 
33P-labeled antisense and sense (data not shown) RNA probes from the 
3'-noncoding region of KAP5. 1, KAP5.2, KAP5.4, and KA P5.5 clones (see 
Materia ls and Methods). A - D, bright-field views; E- H, dark-field views. In 
order the panels are KA P5. 1 (A.E); KAP5.2 (B.F); KAP5.4 (C. G); KAP5.5 
(D,H) . A and E show an enlargement of the same follicle marked (arrow-
IJeads) in the other panels. T he cuticle-specific expression pattern is clearly 
evident in A and E. ORS, outer root sheath; IRS, inner root sheath; Cu, 
cuticle; Cor, cortex. Bars; A, E, 25 J1.m; B-D and F- H, 110 Jim. 
depth of th e other fo ll icle and the distance until onset of KAP5.2 
expression is much greater in th at fo llicle (320 J1.m versus 190 J1.m). 
DISCU SSION 
In this study we have isolated two cD N A clones encodin g members 
of the cuticle KAP5 keratin gene fami ly. T he KAP5.4 cDNA clone 
encodes a complete protein of 190 amino acids containing 32 mol% 
cysteine, 26 mol% glycine (Fig 1). and the partial KAP5 .5 cDNA 
clone encodes a protein of at least 197 amino acids w ith a cysteine 
content of 29 mol% and glycine of 28 mol% (Fig 2). W e predict 
that the cDNA clone encodes n'lost of the KA P5.5 protein as 
Northern blot analysis w ith the KAP5.5 3' -noncoding probe de-
tects an mRNA of similar size to th e 1.5-kb polyadenylated tran-
scripts of KAP5. 1 and KAP5.4 (see Fig 4) . The complete KAP5.5 
protein may be approximately 240 amino acids in size. Sequence 
data ' for the KA P5 gene family reveals extensive similarity in the 
codin g regions with each KAP5 protein predominantly (> 75%) 
composed of the three amino acids cysteine, glycine, and serine 
arranged into glycine-rich and cysteine-rich repeating units (Fig 3). 
The hi gh conservation in the coding regions of mammalian KAP5 
gene fa mily members has been reported previously [6,10]; however, 
the 3' -noncoding sequences of the KAP5 gene fa mily are different 
and suggest that the fa mi ly has arisen throu gh gene duplication and 
divergence from a primordial gene. As the 3' -noncoding sequences 
of the KAP5 gene family are different, the gene duplications proba-
bly occurred in the distant past. The coding regions of KAP5.1 and 
KAP5.4 are most similar and KAP5. 2 and KAP5.5 are more diver-
gent. KAP5 .5, for example, differs from KAP5 .1 by a seven - amino 
acid deletion in one cysteine-rich repeat, a six-amino acid insertion 
in another, and the presence of three additional decapeptide gly-
cine-rich repeats, as well as several amino acid changes in other 
regions. These data indicate the occurrence of repeat shuffling 
events during the evolution of this family yet, at the same time, 
highlight the essential conservatism of the amino acid sequences, 
presumably a requirement for their specialized function in the cu-
ticle. 
Intriguin gly, this conservation also extends into the 5'-noncod-
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Figure 6. In situ localization of KAPS gene expression in longitu-
dinal wool follicle sections. Seven-micrometer sections of follicles from 
Merino sheep were hybridized with 3lP-Iabeled antisense and sense (data not 
shown) RNA probes from the 3'-noncoding region of KAPS.1, KAPS.2, 
KAP5.4, and !CAPS.S clones. For reference, the arrows indicate the approxi-
mace apex of the dermal papilla and arrowheads mark the onset of gene 
expression. A-D, bright-field views; E-H dark-field views. In order the 
panels are KAPS.1 (A,E); KAPS.2 (B,F); KAPS.4 (C,G); KAPS.S (D,H). 
Measurements for onset of expression and, in parentheses, follicle depth arc 
KAP5.1, 370 J1m (1680 J1m); KAPS.2, 310 J1m (1760 J1m) ; KAPS.4, 
335 J.lffi (1800 J1m); and KAPS.S, 320 J1m (1800 J1m). Bar for all panels, 
110 J.lffi. 
ing region of the KAP5 genes. The 5/-noncoding regions of the 
KAP5.1 gene and KAP5.4 cDNA clone share 97% similarity over 
the 65-bp region (Fig lB). Similarly high conservation has also 
been reported between the sheep KAP5.1 gene and the human gene 
(80%) and genomic blots suggest that this region is conserved in all 
members of the sheep and human KAP5 gene families [6]. The 
5' -noncoding regions of two mouse cysteine-rich genes that are 
expressed in the medulla and inner root sheath of the hair follicle 
[21] also exhibit a high level (> 85%) of similarity with the cuticle 
KAP5 genes (data not shown) . The conservation of these 5/-non-
coding regions across species and among genes that are expressed in 
different cell types in the hair follicle suggests that they have some 
functiona l importance in a common regulatory mechanism. 
One of the major questions arising from this study concerns the 
identity and composition of the cysteine-rich granules produced 
early in cuticle cell differentiation. The expression data obtained for 
four KAP5 gene family members indicates that they are all ex-
pressed at a late stage in cuticle cell differentiation. These genes, 
along with the pseudo gene, KAP5.3p [22], account for five of the 
probable six KAP5 genes in the fami ly [6,10]. It seems likely, there-
fore, that novel genes encoding proteins that are also cysteine-rich 
are expressed earlier in cuticle differentiation and remain to be iden-
tified. 
The levels of KAP5 mRNAs, determined from Northern analy-
ses of wool follicle RNA, also vary, with KAP5.4 and KAP5.5 
mRNA levels appearing severalfold greater than KAP5.1. These 
variations in KAP5 expression levels were not detected by the irl sitll 
hybridizations due to difficulty in quantifying ill situ results. The 
differential expression levels probably reflect differences in tran-
scriptional or post-transcriptional regulation of the KAP5 genes. 
For example, the more abundantly expressed KAP5.4 and KAP5.5 
genes may contain more enhancer elements. 
The expression of four sheep KAP5 genes has been localized to 
the cuticle of wool follicles (Figs 5 -7). All are expressed in the 
cuticle at a late stage in cuticle cell differentiation but different 
expression patterns were evident (see Fig 9 for summary). A posi-
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Figure 7. Expression of KAPS.Z in follicles located at different 
depths in the dermis. A photographic montage is displayed from a longi-
tudinal section of Merino wool follicles hybridized with a 33P-labeled anti-
sense RNA probe from the KAPS.2 3/-noncoding region. A, bright-field; B, 
dark-field. In both cases the approximate apex of the dermal papilla (arrow) 
was evaluated from adjacent sections that showed a better p lane of section 
through the follicle bulb and dermal papilla (but poorer plane through the 
expression zone). Measurements of the onset of expression and follicle depth 
are 190 J1m and 870 j1m, respectively, for the upper follicle, and 320 j1m and 
1720 J1m, respectively, for the lower follicle. The values for the upper folli-
cle are at the extreme end of the range for that grouping (see Table I for 
means). The underlying muscle layer is approximately 300 tim below the 
base of the lower fo ll icle (data not shown). Bar, 135 J1m. 
tive correlation exists between the commencement of KAP5 gene 
expression after the cells leave the follicle bulb, and follicle depth. 
As follicle depth increases so does the distance above the follicle 
bulb before the onset of KAP5 gene expression. However, two 
statistically significant populations of follicles could be distin-
guished and different estimates for KAP5 gene expression were 
recorded in follicles from these populations using the same gene-
specific probe (Table 1). These observations may reflect gene ex-
pression in primary and secondary follicles. 
Three follicle types have been noted in sheep: primary, second-
ary, and secondary derived (23). Secondary follicles arise indepen-
dently of primary follicles but secondary-derived follicles originate 
by branched development from secondary follicles. Primary folli-
cles are the first follicle type to appear in fetal development and are 
usually connected to an arrector pili muscle and a sebaceous gland , 
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Table I. Relative Onset of Expression of Cuticle KAP5 Genes in Follicles of Different Sizes· 
Within 270 J.lm of Dermal Papilla 
Distance Follicle Depth 
Gene Mean nb SEM Mean n 
KAP5.1 
KAP5.2 233 6 14 1145 6 
KAP5.4 232 8 3 1210 2 
KAP5.5 223 5 5 1428 5 
.. Measurements are in pm. 
• Number of follicles measured. 
whereas other follicles lack the muscle attachment and occasionally 
lack the gland. Follicle depth is another distinguishing feature 
[23,24], and in this study may be the best indicator of follicle type. 
The bulbs ofrrimary follicles are located much lower in the dermis 
than those 0 secondary and secondary-derived follicles. The four 
sets of follicles we measured with mean depths between 1727 and 
1866/l.m could be primary foll icles and those between 1145 and 
1428 /l.m could be secondary follicles . The greater variation in mean 
depths in the second group may signify the inclusion of secondary 
and secondary-derived follicles together in those measurements. 
Although their relative depths were not recorded by Hardy et al [23] 
the branching secondary-derived follicles are depicted at a shal-
lower depth in the dermis than secondary fo ll icles. The shallow 
follicle shown in Fig 7, located at a depth of 870 /l.m, is an extreme 
example of a measurement obtained from that group. 
Primary follicles also produce the longest fibers and it has been 
estimated that cell multiplication in a secondary follicle takes 50% 
longer than in a primary follicle [24], hence cell movement up the 
fiber is 50% slower in a secondary follicle. If differentiation rate and 
the sequence of gene activation is similar once cells exit the cell 
cycle then, in a secondary follicle, the same gene would be activated 
at a lower relative height above the proliferation zone of the follicle 
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Figure 8. Scatter plot of commencement of cuticle KAP5 gene ex-
pression versus follicle depth. The distance between the start of KAP5 
expression and the top of the dermal papilla in the follicle bulb was plotted 
against follicle depth, as measured from the base of the follicle to the epider-
mal surface. The correlation coefficient for the grouped data is 0.82 and the 
regression coefficient is 4.78. A regression line is drawn on the grouped data . 
The dashed line marks the 270-/l.m value separating the data into high and 
low groups (see Table I and text). 
More than 270 J.lm above Dermal Papilla 
Distance Follicle Depth 
SEM Mean n SEM Mean n SEM 
356 6 10 1727 6 85 
82 309 5 8 1824 5 83 
78 327 5 7 1791 7 65 
103 321 7 5 1866 6 42 
bulb. Taking into consideration these cell kinetics, the comparisons 
of the relative commencement of expression for the two groups of 
measurements distinguished for each gene-specific probe are con-
sistent with primary and secondary fo ll icle characteristics. If, for 
example, the KAP5.2 gene is activated at a mean distance of309 /l.m 
above the dermal papilla in a primary fo ll icle this would equate to 
206 /l.m (309 X 2/3 = 206 /l.m [observed, 233 /l.m]) above the der-
mal papilla of a secondary follicle. Similarly, the mean estimates for 
the KAP5.4 (primary follicle, 327 /l.m X 2/3 = 218 /l.m for sec-
ondary follicle [observed, 232 /lm]) and KAP5.5 expression profiles 
(primary follicle, 321 /l.m X 2/3 = 214 /l.m for secondary follicle 
[observed, 223 /l.m]) are also consistent with proposed differences in 
primary and secondary follicle cell kinetics. 
In primary follicles KAP5.1 appears to be turned on a little later 
than the other KAP5 genes. Variations in the timing of expression 
have also been noted within the same follicle for genes in the hair 
intermediate filament type I and type II gene families [25,26]. Dif-
ferentia l temporal expression of some members of hair keratin mul-
Primary Follicle Secondary Follicle 
KAPS.2 
KAP5A 
Cuticle 
KAPS.l 
}12o,.m, KAPS.2 KAPS.4 KAPS.5 
Figure 9. A schematic interpretation of the temporal transcriptional 
activation patterns of the cuticle KAP5 genes in primary and second-
ary wool follicles during follicle differentiation. The summary is 
based on the itl situ hybridization data presented in this report. KAP5 gene 
expression in the cuticle is highlighted ( ~ .................... ", ) and sites of transcriptional 
initiation are indicated by arrows. Primary and secondary follicles are distin-
guished by their depth in the dermis. The proliferation zone in the follicle 
bulb is stippled and the direction of migration of the differentiating cuticle 
cells is shown by hatched arrows. DP, dermal papilla; ORS, outer root 
sheath; IRS, inner root sheath. 
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tigene families may therefore ~e a normal occurren~e du:ing follicle 
differ entiatIOn. As observed with the KAP5 genes 111 tim study, we 
anticipate that the expression profiles of other hair keratin genes 
wil l a lso be dictated by follicle type. 
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